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SEASONAL PATTERNS OF NUTRIENT RETENTION IN A RESTORED TIDAL 
FRESHWATER STREAM OF THE MID-ATLANTIC COASTAL PLAIN 
By Joseph Wood, M.S. 
A Thesis submitted in partial fulfillment of the requirements for the degree of Masters of 
Science at Virginia Commonwealth University. 
 
Virginia Commonwealth University, 2010 
 
Major Director:  Dr. Paul Bukaveckas 
DEPARTMENT OF BIOLOGY 
 
 
Nutrient retention is governed by the interplay between physical processes that 
control the throughput of water and materials (i.e., water residence time), and by biological 
processes that govern transformation and uptake (e.g., microbial denitrification).  A partial 
breach of the dam located on Kimages Creek (VA) re-established the historical (pre-1920) 
connection to the James River and provided a well-defined channel to gauge tidal 
exchange.  We quantified tidal exchange as well as non-tidal (watershed) inputs on a 
monthly basis to assess Nitrogen (N) retention.  Water and N fluxes were dominated by 
tidal exchange which was typically three times greater than inputs from the upper 
watershed.  Exchange volumes varied by 20-fold in response to seasonal variation in water 
elevation of the James River Estuary.  Comparison of input and output fluxes suggest that 
  x 
the tidal segment of Kimages Creek acted as a source of dissolved inorganic N in the 
winter and a N sink in other months.  Seasonal variation in N retention was significantly 
related to water temperature and estimates of ecosystem metabolism derived from diel 
dissolved oxygen data. 
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{Introduction} 
 
Human activities have accelerated the transport of nutrients through the landscape 
resulting in eutrophication of rivers, estuaries and coastal oceans (Carpenter et al. 1998, 
Painting et al. 2007).  An understanding of ecological processes affecting nutrient transport 
along the hydrologic continuum is central to linking sources and impacts (Boyer et al. 
2006).  Tidal freshwater ecosystems exist at the interface between narrow, gravity-driven 
lotic systems and wide tidally-driven estuarine systems.  Until recently, landscape-scale 
models have not accounted for the unique biogeochemistry of tidal freshwater zones, but 
instead have relied upon results from tidal salt marshes and non-tidal streams which have 
been studied in much more detail (Boyer et al 2006).  Further efforts are needed to quantify 
the role of tidal freshwaters in regulating nutrient transport along the hydrologic 
continuum. 
Tidal freshwater streams provide unique physical and chemical habitats which 
affect the quantity and form of dissolved and particulate constituents in through-flowing 
waters (Bowden 1986, Neubauer et al. 2005, Gribsholt et al. 2005, Arrigoni et al. 2008, 
Ensign et al. 2008).  Their high rates of biogeochemical activity in comparison to rivers 
and estuaries are attributed to increased exposure to active surface area, shallow depths to 
anaerobic zones and high organic matter availability (Megonial and Neubauer 2009).  In 
addition, tidal-driven variations in water elevation allow for regular exchange with 
floodplains thereby further enhancing rates of biochemical activity (e.g., denitrification; 
Ensign et al. 2008).  Prior work has shown that non-tidal floodplains play an important role 
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in nutrient retention during flood events; this effect is likely enhanced in tidal systems 
which experience regular flooding (Noe 2009). 
Two general approaches have been used to characterize nutrient retention in tidal 
freshwaters; internal transformational studies (e.g., stable isotope additions) in which the 
fate of tracers are tracked through various compartments (Neubauer 2005, Gribsholt 2005) 
and mass balance studies in which net retention is determined from input and output fluxes 
(Arrigoni et al. 2008, Bowden 1991).  Transformational studies using isotopic tracers have 
shown that internal cycling of nitrogen is large in relation to external inputs and outputs.  
Results from these studies suggest that tidal freshwaters are very efficient at recycling 
nutrients such that macrophyte N demand can be supported by re-mineralized nitrogen 
alone (Megonial and Neubauer 2009).  N Flux studies provide information about 
ecosystem retention and exchanges of constituents with connected systems.  These studies 
have established that the tidal freshwater streams retain dissolved inorganic nitrogen (DIN) 
and release dissolved organic carbon (DOC)(Arrigoni et al. 2008, Bowden 1991, Simpson 
et al. 1983).  Nitrogen retention has been attributed to storage (immobilization) via 
autotrophic and heterotrophic assimilation and to de-nitrification. 
Several factors which play integral roles in influencing rates of nutrient retention 
exhibit seasonal variation.  These factors include biotic activity of microbes, algae and 
macrophytes as well as hydrologic variability in watershed inputs and tidal exchange 
(Simpson 1976, Bowden 1991, Heinle 1975).  An understanding of the seasonal 
mechanisms governing loss and retention is central to evaluating annual-scale nutrient 
fluxes.  Due to the complexity of these systems, determining controlling attributes of 
  13
nutrient retention is difficult (Arrigoni et al. 2008).  Estimates of ecosystem production and 
respiration incorporate the storage and consumption of energy by living organisms 
(Mulholand et al. 2004).  Estimates of metabolism may correspond with nutrient retention, 
which is driven largely by biotic processes (e.g. assimilation or denitrification).    
The goals of this project were to: (i) describe seasonal patterns of variation in 
nutrient retention for a tidal freshwater stream, and (ii) relate seasonal variation in nutrient 
retention to seasonal patterns in ecosystem metabolism, watershed inputs and tidal 
exchange.  This study also provides data documenting the surficial hydrology of a 
recently- restored tidal freshwater stream (Kimages Creek). 
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{Methods} 
Site Description 
 Kimages Creek is a tributary of the James River located in the Coastal Plain of 
Virginia.  Kimages Creek drains a 1269 hectare watershed and has an average discharge of 
129 L/s (derived from the runoff/unit area method), (Dougherty 2008).  In 1927 a dam was 
built at the confluence between Kimages Creek and the James River to create a 179 acre 
impoundment (Lake Charles).  The impoundment persisted until October 2007 when the 
dam was partially breached following a period of heavy rain.  In the first weeks, the lake 
lost approximately two-thirds of its volume and one-third of its surface area.  Over 
subsequent months, out-flowing water continued to drain from the lake and erode the dam.  
By Spring 2008, the breach had incised to a depth below the high-tide water level of the 
James resulting in a reversal of flow and the restoration of tidal exchange between 
Kimages Creek and the James River. The tidal portion of Kimages Creek is located on the 
property of Virginia Commonwealth University’s Rice Center. The tidal stream is 
approximately 1300 m in length, ranges 5 to 40 m in width and has an average depth of 0.5 
m.  The narrow dam breach provided a location at which exchange volumes could be 
accurately measured which is usually challenging in wide tidal systems (Megonial and 
Neubauer 2009).  Water quality sondes located nearby in the James River (Rice Research 
Pier) and within the tidal segment of Kimages Creek (800 m above the dam breach) 
provided continuous (15 min.) dissolved oxygen (DO), temperature, depth and other water 
quality data.     
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The tidal segment of Kimages Creek runs through the former lakebed following the 
contours of the original stream channel.  The intertidal zone and adjacent floodplain 
include some mud flats but are mostly colonized by herbaceous vegetation.  Dominant 
species include cattails (Typha angustifolia and T. latifolia) (mainly the former), Kidney-
leaf Mud Plantain (Heteranthera reniformis), Asiatic Spiderwort (exotic/ invasive) 
(Murdannia keisak), Dotted Smartweed (Polygonum punctatum), Arrow-leaved Tearthumb 
(Polygonum saggittatum), Rice Cutgrass (Leersia oryzoides), Soft Rush (Juncus effuses), 
Pickerelweed (Pontedaria cordata) and Big-leaved Arrowhead (Sagittaria latifolia).  Since 
the exposure of the lake bed there has been some woody recruitment adjacent to the stream 
channel by Red Maple (Acer rubrum), Sweetgum (Liquidambar styrociflua), Black Willow 
(Salix nigra) and Sycamore (Platanus occidentalis) (E. Crawford, unpubl. data).   
Quantification of Water and Nutrient Fluxes 
Monthly and annual mass balances comparing inputs and outputs were constructed 
to determine whether the tidal segment of Kimages Creek was a source or sink for 
nutrients.  Inputs and outputs were measured over a single tidal cycle in each month of the 
year from September 2008 to August 2009.  Due to technical difficulties we were unable to 
take samples during November 2008.  Parameters of interest included Chloride (Cl), 
dissolved and particulate fractions of N and P (NO3, NH4, TN, PO4, TP) and dissolved 
organic carbon (DOC).  Chloride is present in excess of biological demand and therefore is 
used as a conservative tracer to assess the accuracy of mass balances.  Input sources to 
tidal Kimages Creek included the upper Kimages Creek watershed (non-tidal inputs) and 
tidal exchange between Kimages Creek and the James River.  Watershed inputs were 
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determined by measuring discharge and solute concentrations at a site approximately 50 m 
above the head of tide.  Three discharge measurements and water samples were obtained 
during each tidal cycle.  Discharge was measured by determining water velocity (Flo-Mate 
2000) and cross sectional area.  Fluxes were derived from the product of average discharge 
and concentration as these values were relatively constant during a given tidal cycle.  
Groundwater contributions were assumed to be negligible based on prior injection studies 
in the non-tidal segment of Kimages Creek which revealed low rates of tracer dilution (P. 
Bukaveckas, unpubl. data). 
The breach in the dam provided a well-defined connection point between Kimages 
Creek and the James River where water and material exchange could be accurately 
measured.  Tidal inputs were determined from discharge measurements and water samples 
taken at the breach every 45 minutes during an incoming tide.  Variation in discharge 
followed a predictable curvilinear pattern during the period of inflow (Figure 1).  Total 
inflow volume was calculated by fitting a non-linear regression to the time series of 
discharge measurements.  Inflow concentrations also varied in a predictable manner during 
the incoming tide (Figure 1).  These empirical relationships were used to determine the 
total influx of constituents during a tidal cycle.   A similar approach was used to estimate 
the output of materials based on a time series of discharge and concentration measurements 
obtained during an outgoing tide.   
A simple means to assess whether the tidal segment of Kimages Creek was a 
source or sink for dissolved and particulate matter was by comparing inflow and outflow 
concentrations.  For example, if inflow concentrations were consistently greater than 
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outflow concentrations, this would suggest that materials were retained within the tidal 
segment.  A volume-weighted average of inflow concentrations from non-tidal (Kimages 
watershed) and tidal (James River) sources was derived using a two end-member mixing 
model.  The end-member mixing model took into account differences in concentration 
between the two sources and their relative contribution to the volume of inputs.  
Differences between inflow and outflow concentrations represent the net balance between 
retention and release within the tidal segment as well as uncertainties associated with 
measurement of discharge and concentration.  
Although concentration differences are useful, it is also important to account for the 
volume of exchange when assessing mass retention.  Exchange volumes were applied to 
volume weighted inflow and outflow concentrations to obtain flux estimates.  Water inputs 
and outputs were generally asymmetrical indicating that the amount of water stored in the 
tidal segment differed between the beginning and end of the tidal cycle.  Changes in 
storage were therefore included as a component of the water and material budgets.   The 
change in the volume of water stored in the tidal segment was estimated from the 
difference between input and output volumes and therefore incorporates uncertainties in 
these two measures.  Changes in the mass of dissolved and particulate constituents were 
estimated from the product of the change in storage volume and the inflow or outflow 
concentrations (depending on the direction of imbalance).  On sampling dates when 
storage increased (inflow > outflow), inflow concentrations were applied to changes in 
storage volume.  On dates when storage decreased (outflow > inflow), outflow 
concentrations were applied.   
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Derivation of annualized estimates of material retention required extrapolation of 
daily estimates of retention.  We tested a variety of modeling approaches to predict the 
volume of tidal exchange as well as concentration differences between inflowing and 
outflowing water for non-sampling dates.  The correlation between volume of tidal 
exchange and the water level in the James River was used to develop an empirical model in 
which James River water level accounted for 78% of the variation in exchange volume (see 
appendix).  The relationship depicted an exponential increase in exchange volumes with 
rising river stage and was used to infer daily exchange volumes from continuous 
measurements (15 min.) of depth recorded at the Rice Pier (YSI 6000).  Predicted 
exchange volume estimates were used in conjunction with observed inflow and outflow 
concentrationss to estimates daily fluxes over an annual cycle (see appendix). 
Ecosystem Metabolism 
To determine whether seasonal patterns in nutrient retention followed variation in 
ecosystem metabolism, rates of production and respiration in the tidal segment of Kimages 
creek were derived from diel O2 measurements.  Night time declines in DO were used to 
determine ecosystem respiration by assuming production does not occur without light.  
Daytime oxygen gains were used to estimate net and gross primary production assuming 
that daytime and nighttime respiration is constant.   DO data were obtained from a sonde 
(YSI 6000) deployed in Kimages Creek near the head of tide.  Data from this site were not 
available until January 2009 such that comparisons of metabolism and nutrient retention 
are based on an 8-month period (through August 2009).  A subset of data were selected for 
metabolism analyses using 5 day periods surrounding dates when nutrient input-output 
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budgets were derived.  Diel O2 analyses were also performed for a near-shore James River 
monitoring location (Rice Pier) to allow comparison of metabolism parameters on both 
sides of the remnant dam.  DO concentrations at both sites were measured at 15 minute 
intervals.   
Estimation of photosynthesis and respiration from diel DO data requires that rates 
of re-aeration are known and that diel patterns are not affected by advective transfers from 
adjacent waters which differ in DO concentration.  In the absence of direct measurements 
of re-aeration (e.g., by propane injections) there are several numerical methods for 
estimating re-aeration.  For this analysis the approach of Caffrey (2003, 2004) was used to 
facilitate comparisons with other National Estuarine Research Reserve System (NERRS) 
sites.  The approach assumes a constant boundary layer thickness (i.e., does not consider 
the effects of variation in wind or water speed) and no advective transfer of oxygen.  Thus 
atmospheric exchange is influenced only by depth and oxygen saturation.  The depth of 
Kimages Creek was monitored continuously (15 min intervals) over the study period.  
These data were used in conjunction with bathymetry data obtained in January 2009 
(cross- sectional transects taken at 100 m intervals along the tidal channel) to estimate the 
average depth of the tidal stream at 15 min intervals and obtain depth-corrected re-aeration 
estimates. 
Potential bias in photosynthesis and respiration measurements arising from 
advective oxygen transfers are difficult to quantify.  Water entering the tidal segment from 
upper Kimages Creek was often depleted in DO relative to water entering via the dam 
breach.  Under these conditions, tidal forcing would result in cyclical changes in DO that 
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were unrelated to metabolism.  At the head-of-tide monitoring location, tidal-driven 
oscillations in DO were apparent on some dates in July and August as evidenced by dual 
daily peaks.  These dates were excluded from analyses such that metabolism estimates 
were derived only for dates when a single late-day oxygen maximum and early-morning 
oxygen minimum were observed.  On these dates, metabolism effects on DO were 
apparently large in relation to advective effects though the possibility that parameter 
estimates were influenced by tidal forcing cannot be discounted.   
Tracer Experiments 
Tracer additions were performed to characterize water residence time in the tidal 
segment of Kimages Creek and to compare tracer-based estimates of nutrient retention to 
data collected by the mass balance approach.  To assess the influence of tidal exchange on 
water residence in Kimages Creek, a known quantity of rhodamine, (a non-reactive dye), 
was injected into the breach at the start of an inflow event in June 2009.  Samples were 
collected at 30 minute intervals during the subsequent outflow period.  Additional samples 
were collected once a day for the following 5 days.  A second rhodamine addition was 
performed in July 2009 using automated samplers to track the hourly loss of rhodamine 
over a 3-day period.   Rhodamine fluorescence was measured using a TD-700 fluorometer.  
A concentration-fluorescence curve was developed to determine concentrations.  Fluxes 
were derived from concentration and measured discharge at the breach. 
Nutrient injection experiments were performed to assess differences in retention at 
ambient and elevated nutrient levels and to facilitate comparisons with retention estimates 
using similar methods in non-tidal streams.  Nutrient addition experiments were performed 
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in May, June and August 2009 on days following the mass balance determinations.  A 20 L 
nutrient solution (10 g/L NH4Cl, 7.5 g/L Sodium Phosphate NaPO4) was added as a slug-
pulse at the dam breach at the beginning of the inflow period.  Injections increased nutrient 
flux by 20% relative to ambient levels.  Nutrient samples and discharge measurements 
were obtained at 45 min intervals during the subsequent out-flowing tide (as per mass 
balance procedures).  In order to assess controlling variables of nutrient retention we used 
a (SEM) package for the statistical program R (R-Project, Fox and Kramer 2009). 
Analytical Methods   
Concentrations of Total Nitrogen (TN), Nitrate (NO3), Ammonium (NH4), Total 
Phosphorus (TP), Phosphate (PO4) and Chloride (Cl) were determined using a Skalar 
segmented flow analyzer using standard methods (APHA 1992).  Total Organic Nitrogen 
(TON) was inferred as the difference between TN and Dissolved Inorganic Nitrogen 
(DIN).  DOC concentrations were measured using a Shimadzu C analyzer.  Total 
suspended solids (TSS) were measured gravimetrically after filtering water samples 
through pre-weighed and ashed Whatman Glass Microfibre filters.  The Carbon and 
Nitrogen content of particulate matter was determined using a Perkin-Elmer Model 2400 
CHN analyzer.  
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{Results} 
 
Water Fluxes 
The hydrology of Kimages Creek was influenced by inputs from the watershed and 
by tidal exchange with the James River Estuary.  Discharge from upper (non-tidal) 
Kimages Creek averaged 38 L/s (min 8.4, max 75 L/s) during the study period.  Over a 
tidal cycle (12.5 h) the total volume of inputs from the watershed ranged from 377 m3 (Jan. 
2009) to 3,356 m3 (Sep. 2008) with highest inputs occurring in spring and fall (Figure 2).  
Although watershed inputs varied by an order of magnitude, tidal exchange exhibited an 
even greater range of variation.  The volume of water exchanged with the James River on a 
single tidal cycle ranged from 750 m3 (Feb. 2009) to 24,044 m3 (Oct. 2008) (Figure 2).  
Tidal-driven fluxes dominated water fluxes in Kimages Creek contributing on average 
74% of total inputs.  The volume of tidal exchange followed seasonal trends in the surface 
water elevation of the James River.  Lowest water levels and exchange volumes occurred 
during winter months; higher water levels and volumes of exchange were observed in late 
spring and early fall.  Variation in the water level of the James River tracked changes in 
sea level as measured in the Chesapeake Bay (Figure 2).  On September 23rd-27th, a 
hurricane caused Chesapeake Bay and James River water levels to rise and resulted in a 
large increase in exchange volume during the September sampling period.  This fluctuation 
in water level was driven by local sea level as the water level fluctuations occurred prior to 
rainfall-driven changes in discharge (Figure 3).    Tidal patterns differed between the James 
River and Kimages Creek sites.  The James River exhibited regular tidal patterns with a 
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amplitude of 1 m (see appendix).  The head of tide site exhibited an erratic tidal signal with 
an amplitude of 0.2 m and also showed large non-tidal variations in water level (see 
appendix).  The timing of low and high tides in Kimages Creek lagged by about 1 hour 
(behind?) the James River.   
Water inputs and outputs were typically not in balance with outflow exceeding 
inflow on 9 of 11 sampling dates.  The duration of inflow ranged from approximately half 
of the tidal cycle (6 h) to as little as one-quarter (2.5 h).  Changes in storage volume, were 
highly variable (range = 499 to 25,439 m3) and were often large in relation to the volume 
of the tidal segment (15,477 m3).  Rhodamine additions were performed in June and July 
2009 during periods of relative large tidal exchanges (volume = 15,443 and 18,302 m3, 
respectively).  Tracer recovery was 96.2% and 79.5% during the subsequent ebb tide 
(Figure 4).  These findings suggest that Kimages Creek may be characterized as a macro-
tidal system in which the volume of exchange is large relative to storage.  It is interesting 
to note that a small amount of rhodamine (2.8% and 4.0% of total; June and July, 
respectively) returned to Kimages Creek from the James River during the next rising tide 
(the majority of flux occurring during the first hour of inflow).  The persistence of 
rhodamine in water returning through the breach suggests that the small cove at the outlet 
of Kimages acts as a transient storage zone.   
 
Water Chemistry  
Water chemistry of Kimages Creek was influenced by inputs from the watershed 
and by tidal exchange with the James River Estuary.  Tidal inputs were enriched in Cl and 
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TN (p < .05) with respect to watershed inputs, while all other parameters exhibited similar 
concentrations in tidal and non-tidal inputs (Table 1).  The chemistries of non-tidal 
(Kimages Creek) and tidal (James River) inflowing waters were seasonally variable.  For 
both sources, NO3 concentrations were elevated during the winter and depleted in summer 
(Figure 5).  The seasonal range in concentrations was larger in the James River (0.00 to 
0.59 mg/L) than in Kimages Creek (0.03 to 0.48 mg/L).  James River total organic nitrogen 
TON concentrations were highest during the growing season and depleted during winter 
months while watershed TON exhibited the reverse pattern with elevated concentrations in 
winter.  TN concentrations were consistently higher in the James River than in watershed 
inputs from September-March; while from April to August TN concentrations were similar 
in both water sources.  DOC concentrations in watershed inputs were elevated during 
March through June, while James River values remained relatively constant throughout the 
year.  PO4, TP and NH4 concentrations did not show consistent seasonal patterns.  DO 
concentrations displayed diel patterns at both sites but were consistently higher at the 
James River site.  
Because the volume of tidal inputs exceeded watershed inputs, volume-weighted 
input concentrations tracked the chemistry of tidal James River water more so than the 
chemistry of non-tidal inputs (Table 1).  Differences between inflow and outflow 
concentrations were used to gauge the net effect of retention and release processes in the 
tidal segment.  For the conservative tracer (Cl), differences in concentration were small 
(within 10%; Table 1).  In contrast, differences between inflowing and out-flowing NO3 
concentrations were large (average = 62 %).  Results from a paired t-test indicated that 
  25
these differences were statistically significant (p < 0.01).  Concentration differences were 
also significant for NH4, DIN, PO4 and TP (Table 1) suggesting net retention of DIN and 
release of NH4, PO4 and TP from the tidal segment.  Kimages Creek functioned as both a 
sink and a source for different forms of nitrogen throughout the year.  During colder winter 
months the tidal stream acted to release NO3 while during warmer seasons the tidal stream 
retained NO3 (Figure 6).  Seasonal patterns of retention were similar for NO3 and NH4, 
however July and August showed net release of NH4 and uptake of NO3.  Multiple 
regression analysis indicated that variation in water temperature (WT) and exchange 
volume (EV) explained 82% of variation in DIN concentration difference (y= -.0095 * WT 
+ -7.86E-09 * EV + .27986, p < 0.01).  TON retention displayed a contrasting seasonal 
pattern to DIN, in which retention occurred from October-January and release occurred 
from February to September.  TN concentration differences displayed release from 
December to May and retention in June, July and September.  PO4 and TP displayed 
retention and release; however there were no seasonal trends.  DOC exhibited conservative 
behavior similar to chloride, with an average difference between inputs and outputs of only 
8.0%.  Concentration differences were used in combination with exchange volume 
estimates to determine the total flux of constituents (see mass balance section, below).     
Ecosystem Metabolism 
Diel dissolved oxygen curves were used to derive primary production and 
respiration estimates of Kimages Creek and the James River.  Annual averages of Gross 
Primary Production (GPP) were 6.70 and 1.60 g O2/m2/day for the James River and tidal 
Kimages respectively (Figure 7).  Estimates of ecosystem Respiration (R) averaged 5.49 
  26
and 3.91 g O2/m2/day for the James River and tidal Kimages respectively (Figure 7).  
Seasonal variation in the James River was associated with increased production and 
respiration during summer months, and reduced production and respiration in winter 
months.  The tidal Kimages site experienced less pronounced seasonal variation though 
production showed a sharp decrease following June.  Annual averages of net ecosystem 
metabolism were 1.20 and -2.69 g O2/m2/day for the James River and tidal Kimages 
respectively.  Negative values for tidal Kimages indicate that the site is net heterotrophic 
exhibiting.  Production and respiration were positively correlated in the James River (R2 
=.92, p <.01) but not at Kimages Creek which exhibited high respiration even during 
colder months. 
Material fluxes 
Material fluxes were seasonably variable throughout the year as a result of variable 
concentration and water exchange.  Cl influxes and effluxes were highest during late 
summer and early fall, and reduced during winter months (Figure 8).  On average, non-
tidal Cl inputs represented 9.1% of total Cl mass inputs while accounting for 17.8% of total 
volume inputs.  NO3 influxes and effluxes were highest during early fall and late spring 
even though concentrations were highest during winter months (Figure 8).  NO3 loads were 
depleted during the summer.  Non-tidal NO3 inputs accounted for 15.4% of total NO3 
inputs which is nearly the same as the proportion of volume contribution.  NH4 influxes 
and effluxes exhibited a similar pattern to NO3 loads, but with reduced seasonal variability 
(Figure 8).  On average, non-tidal inputs represented 41.1% of total NH4 inputs, while 
contributing only 17.8% of the volume.  TN influxes and effluxes were lowest during 
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winter months and generally increased throughout the growing season (Figure 9).  On 
average, non-tidal TN inputs accounted for 17.8% of total TN inputs which is nearly the 
same as the proportion of volume contribution (Figure 9).  In contrast to DIN, TN loads 
exhibited high transport during summer months.  DIN only accounted for a small 
proportion of the TN loads observed indicating that the transport of TON represents a large 
proportion of the total N budget in this system (Figure 9).  PO4, TP and DOC influxes and 
effluxes were highest during early fall and late spring corresponding to similar patterns in 
water fluxes (Figure 10).  On average, non-tidal PO4, TP and DOC inputs represented 17.2, 
13.3 and 28.8% of total inputs respectively.  For all constituents, fluxes were largely driven 
by the volume of inflow and outflow since the water fluxes exhibited a greater range of 
variation than did changes in concentration..  
Mass Balance 
The mass balance analysis considered inputs and outputs as well as changes in 
storage to assess retention within the tidal segment.  Chloride outputs were within 10% of 
inputs on each sampling date and on an annual basis were within 5% of inputs.  
Annualized estimates of retention for various fractions of N exhibited similar agreement 
(i.e., outputs within 10% of inputs; Table 2).  In contrast, a net annual export of P was 
observed equivalent to 12% (TP) and 37% (PO4) of the total annual load.  DOC did not 
exhibit net loss or retention on annualized basis (4% agreement in mass balance).  
Although annualized budgets showed little net effect of the tidal stream on through-puts, 
mass balances for individual months often exhibited retention or release.  NO3 outputs 
ranged from 0% to 150% of inputs with retention occurring from spring to fall and release 
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during winter (Figure 8).  The largest NO3 retention occurred in September (2.7 kg NO3/ 
tidal cycle) while the largest release occurred in January (5 kg NO3 /tidal cycle).  NH4 
outputs ranged from 22 to 184% of inputs and showed similar patterns as NO3 (except July 
and August).  TON outputs ranged from 96 to 136% of inputs with release occurring on 
most sampling dates (Figure 9).  Largest effluxes occurred in September and May (3.0 and 
2.8 kg TON, respectively).  TN outputs ranged from 94 to 128% of inputs with release 
occurring during spring only (Figure 9).  Monthly PO4 and TP mass balances exhibited 
both retention and release without and clear seasonal pattern (Figure 10).  DOC outputs 
were within 10% of inputs on all but 3 sampling dates indicating conservative transport 
(Figure 10).    
Nutrient injections performed in May, June and August yielded retention estimates 
for comparison to those obtained from the mass balance determinations in corresponding 
months.  NH4 outputs represented on average 61(± 30) and 64 (± 12) % of inputs for 
ambient and injection sampling dates respectively (Figure 11).  PO4 outputs represented on 
average 183 (± 52) and 41(± 14) % of inputs for ambient and injection sampling dates 
respectively, which indicated retention estimates during injections were influenced by the 
addition of nutrients (Figure 11).   
Previously described annualized mass balance estimates were constructed using 
simple linear interpolations between sampling dates.  Using the multivariate regression to 
predict DIN concentration differences via temperature and exchange volume yielded a 
second daily time series of retention estimates.  We believe this budget is more accurate 
because it makes use of predictable seasonal patterns in DIN input and output 
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concentrations.  This method yields a net annual removal of 12.5% of total DIN inputs 
(172 kg DIN/y) in comparison with 2.8% (28 kg DIN/y) via the prior method.      
Explanatory variables of NO3 retention 
NO3 retention was correlated with multiple explanatory variables whereas other 
constituents were not.  Gross primary production, respiration, exchange volume, and 
ambient concentration explained 69, 44, 55 and 50% of the variation in NO3 retention 
respectively based on univariate regressions (Figure 12).  Gross primary production, 
ecosystem respiration and exchange volume were positively correlated with NO3 retention 
while NO3 concentration was negatively correlated with NO3 retention.  In order to 
distinguish causal relationships between multiple correlated variables we used path 
analysis, a form of structural equation modeling.  Path analysis requires that all data 
parameters are available which limited our data set to 11 sampling dates (8 ambient plus 3 
nutrient additions).  Path analysis results indicate that temperature represents a controlling 
factor of gross primary production (p < 0.05) and ambient NO3 concentration (p < 0.05).  
Temperature was positively correlated with gross primary production (R2 = 0.47) and 
negatively correlated ambient NO3 concentration (R2 = -0.42).  Gross primary production 
in turn was positively correlated with NO3 retention (R2 = 0.64, p <.05).  Respiration, 
which was not significantly correlated with temperature, was positively correlated with 
NO3 retention (R2 = 0.86, p < .01).  Ambient NO3 concentrations were negatively 
correlated with NO3 retention (R2  = 0.84, p < 0.01).  Exchange volume, which was driven 
by local water stage (see appendix), regulated NO3 retention independently of temperature 
and was positively correlated with NO3 retention (R2 = .80, p < .01) (Figure 13).         
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{Discussion} 
Hydrology 
Hydrology in tidal freshwater streams can be influenced by watershed inputs and 
fluctuations in sea-level.  Kimages Creek is more influenced by tidal exchange than by 
inputs from its watershed.  Seasonal patterns in the Chesapeake Bay water stage have a 
strong influence on the amount of water exchanged between the James River and tidal 
Kimages while seasonal patterns of catchment runoff have less influence.  Throughout the 
mid-Atlantic sea board, higher wind speed in spring and fall result in higher Chesapeake 
Bay water levels; thermal expansion of water also contributes to elevated water levels in 
the fall (Bunge 2009).  As a result Kimages Creek experienced large exchange during late 
spring and early fall and smaller exchange volumes during winter.  Rhodamine additions 
performed during a period of moderately high water exchange (June and July) indicated 
that Kimages is a macro-tidal system in which volumes of exchange are large in 
comparison with storage volume.  
Storms passing along the Atlantic Coast can influence the hydrology of Kimages 
Creek by causing increased precipitation as well as rising sea level.  During late September 
2008 Hurricane Kyle traveled along the Atlantic seaboard and caused Chesapeake Bay 
water levels to rise to maximum annual values (Figure 13).  The rise in Chesapeake Bay 
water level preceded the rise in discharge from the James River, indicating the increase in 
exchange volume during this event was driven by sea level and precipitation.  This event 
which occurred over 3 days represented nearly 10% of the estimated annual exchange 
volume and 7% of the annual inflow of NO3, half of which was retained.  Non-tidal 
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systems experience rain-driven events of similar magnitude (Ensign and Doyle 2006, Tank 
2008) and their importance for nutrient budgets has been frequently reported.  Results from 
the Kimages study suggest that tidal-forcing events (e.g. through hurricanes) are of 
comparable magnitude.   High flow events in non-tidal systems typically result in 
increased nutrient fluxes, and thus increased downstream transport though these effects 
may be partially mitigated by retention and storage in the floodplain (Noe and Hupp 2009).  
In tidal systems, inland transport of relatively low nutrient waters similarly results in in an 
increase in active surface area via tidal inundation but without large increases in transport 
from the watershed.  Thus, these vents may aid in nutrient removal.  Future studies should 
aim to characterize nutrient retention during both precipitation- and tidal- driven events.   
Metabolism 
 Metabolism of Kimages Creek was dominated by respiration and was net 
heterotrophic on an annual basis.  The James River showed a closer balance between 
production and respiration and was typically autotrophic or slightly heterotrophic.  In 
Kimages Creek, respiration showed little seasonality relative to the James River and may 
indicate that there was a large supply of organic matter for microbes to utilize.  Organic 
matter inputs to tidal Kimages include local production by wetland vegetation as well as 
terrestrial inputs from the watershed.  Estimating GPP and R based on diel oxygen 
variations was challenging due to uncertainties in re-aeration estimates and the potential 
for advective influences.  Overall, the results with those of Arrigoni et al. (2008) indicating 
that shallow tidal freshwater streams act as sinks for DO.    The results also suggest that 
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metabolism plays an important role in influencing nitrogen retention as has been shown in 
non-tidal streams. 
Nutrient budgets  
Annualized DIN budgets indicated that total inputs and outputs were relatively 
similar suggesting little net retention.  This was consistent with a prior study by Bowden et 
al. (1991) in which 6% of DIN was retained on an annual basis.  TN behaved 
conservatively on most sampling dates; indicating that retention of DIN during a single 
tidal cycle was dominated by the transformation of DIN into organic nitrogen.  
Transformation of DIN into TON should temporarily reduce nitrogen availability to biotic 
systems, however this could support biota which are able to utilize organic forms of N, 
including some algae which result in harmful blooms (Bronk 2007).  Transformation of 
DIN into TON can also prevent this nitrogen from being denitrified as it must be re-
mineralized into an inorganic form (Pellerin 2006).  Our path analysis results suggest that 
exchange volume and temperature were the underlying factors which causing seasonal 
variation of NO3 retention in tidal Kimages Creek.  Temperature mediates biological 
activity which is related to the demand for inorganic nitrogen.  Temperature had a stronger 
influence on GPP than R; this could be due to the accumulation of organic matter in the 
system which bacteria may utilize during dormant periods.   
TP and PO4 were not obviously influenced by season; we suggest transport of 
phosphorous is more heavily influenced by hydrologic parameters than biotic activity.  
DOC displayed generally conservative behavior throughout the year, which contrasts 
findings of Arrigoni et al. 2008 on tributary streams of the Hudson River which showed 
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consistent release of DOC in late summer.    Release of DOC has been related to abundant 
litter layers of graminoid vegetation (Findlay 2002).  The lack of release of DOC from 
Kimages Creek could be attributed to the recent recruitment of vegetation and un-
developed litter depths.   
Restoration of Kimages Creek 
 The restoration of tidal exchange increased water fluxes through Kimages Creek by 
5.4 billion m3/year; in comparison watershed inputs derived from the runoff/unit area 
method represented 4.0 million m3/year (Dougherty 2008).  This has resulted in increased 
assimilative (during growth season) and mineralization (during winter) influences upon N 
loads.  During the growing season DIN in inflowing water is converted to organic forms, 
while during winter month Kimages creek enriches water with DIN.  Similar winter DIN 
release have been observed at elevated DIN concentrations in constructed wetland systems 
(Thoren 2004) however the cause of this winter release of DIN is unclear.  Rice Center 
plans include widening the breach in the dam to allow for increased exchange volume with 
the James River.  We suggest this will likely increase the capacity for transformation and 
de-nitrification of DIN by increasing tidal exchange volume and the area of tidal 
inundation.  Exchange volume mediates the exposure of DIN to biogeochemically active 
areas such as riparian wetlands.  The impact of large exchange volume events can result in 
increased transformation of DIN, as was observed during hurricane Kyle. 
Summary    
 Transport of nitrogen through tidal Kimages Creek was variable with seasonal 
changes in load size and form (organic vs. inorganic) for both catchment inputs and tidal 
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exchange.  In addition to seasonal variation in end-members, the influence Kimages Creek 
had upon inorganic nitrogen loads was also seasonally variable. Tidal Kimages Creek had 
little influence on the size of TN loads, but does influence the fraction of the load which 
was in an organic state.  Transformative influences were controlled by seasonal biotic 
activity and exposure of water to active biogeochemical zones.    
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Table 1 – Annual average concentrations (mg/L ± standard error) of non-tidal and 
tidal inputs, volume weighted inputs (combined tidal and non-tidal) and tidal outputs.  
P-values represent results of two-tailed t-tests between tidal and non-tidal end 
members as well as volume weighted inflow concentrations and outflow 
concentrations.  
 
Constituent Direction P Direction P
Cl 14.81 ± 1.27 22.8 ± 3.75 Tidal > NT 0.04 21.06 ± 3.64 22.06 ± 4.02 ns
NO 3 0.18 ± 0.04 0.26 ± 0.06 Tidal > NT 0.16 0.22 ± 0.05 0.24 ± 0.07 Out > In <.01
NH4 0.08 ± 0.02 0.07 ± 0.02 ns 0.07 ± 0.01 0.08 ± 0.02 Out > In <.01
DIN 0.26 ± 0.04 0.33 ± 0.07 ns 0.29 ± 0.06 0.32 ± 0.09 Out > In <.01
TN 0.57 ± 0.03 0.79 ± 0.06 Tidal > NT 0.01 0.73 ± 0.05 0.82 ± 0.06 ns
PO 4 0.02 ± 0.00 0.028 ± 0.01 ns 0.02 ± 0.00 0.02 ± 0.00 In > Out <.01
TP 0.10 ± 0.05 0.07 ± 0.02 ns 0.06 ± 0.03 0.05 ± 0.01 In > Out <.01
DOC 6.16 ± 1.27 5.02 ± 0.48 ns 5.29 ± 0.49 5.66 ± 0.37 ns
TSS 19.35 ± 3.16 21.00 ± 2.38 ns 21.24 ± 2.02 21.83 ± 2.54 ns
Volume weighted 
mean
Non-tidal 
Inputs OutputsTidal Inputs
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Table 2 – Annual flux estimates (kg/yr) of inputs and outputs to/from the tidal 
segment of Kimages Creek (for September 1, 2008-August 30, 2009, based on depth-
predicted exchange volumes and simple interpolations between sampling dates.  
Difference represents annual net retention (positive values) or net release (negative 
values). NH4 
 
inflow (kg) outflow (kg) difference (kg) % of Load
NH 4 309 330 -21 -6.8%
NO 3 1,046 994 52 5.0%
DIN 1,361 1,323 38 2.8%
DON 2,605 2,827 -222 -8.5%
TN 3,966 4,150 -184 -4.6%
Cl 65,641 68,451 -2,809 -4.3%
PO 4 117 132 -7 -12%
TP 292 425 -66 -37%
DOC 32,082 30,820 631 4%  
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Figure 1 – Data used to estimate the mass of nitrate entering the tidal segment of 
Kimages Creek during an incoming tide.  (a) The relationship between discharge 
(L/s) through the breach and time since flow reversal.  (b) The relationship between 
NO3 concentrations and time since flow reversal. (c.) Observed and modeled tidal 
fluxes of NO3 into Kimages Creek based on regressions relating discharge and 
concentration during an incoming tide.  Modeled fluxes are the product of 
concentration and discharge relationships with time since flow reversal. 
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Figure 2 – Water inputs and outputs and inferred changes in storage volume of tidal 
Kimages Creek.  Water fluxes are shown in relation to seasonal variation in water 
level in Chesapeake Bay (Gloucester Point) and the James River.  Data for 
Chesapeake Bay are from NOAA; data for the James River are from the automated 
water quality sensor at the Rice Research Pier. 
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Figure 3 – Discharge of the James River (at Cartersville, VA) and water level of the 
James River and Chesapeake Bay before and after Hurricane Kyle.  The hurricane 
was approximately 1000 nautical miles from our study site on September 25th, 2008.  
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Figure 4 - Rhodamine flux through the breach during the July tracer experiment. 
Rhodamine was added at the breach at the start of a rising tide and monitored during 
the subsequent out-flowing and inflowing tides (vertical lines denote timing of flow 
reversals).  
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Figure 5 – Seasonal variation in the chemistry (mg/L) of non-tidal Kimages and tidal 
James River inputs (derived from volume weighted inputs) to the tidal segment of 
Kimages Creek.  Watershed chemistries represent point measurements and standard 
error bars are shown where available for non-tidal samples.  Tidal chemistries 
represent volume weighted concentration of tidal inflow.  
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Figure 6 – Concentration difference (mg/L) between inputs and outputs to/from the 
tidal segment of Kimages Creek.  Positive values denote that inflowing concentrations 
exceeded outflow concentrations and suggest net retention within the tidal segment.  
Negative values represent months when net release was observed (outflow 
concentrations > inflow concentrations). 
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Figure 7 – DO fluxes associated with gross primary production (GPP), ecosystem 
respiration (R) and atmospheric exchange (AE) in the tidal segment of Kimages 
Creek and the nearby James River (Rice Research Pier).   
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Figure 8 – Fluxes of Cl, NO3, and NH4 associated with tidal inputs, non-tidal 
(watershed) inputs, total outputs and changes in storage.  Changes in mass storage 
are inferred from hydrologic imbalances between inflow and outflow periods.      
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Figure 9 - Tidal inputs, Non-tidal input, total outputs and inferred changes in storage 
of DIN, TON (inferred), and TN.  Inferred changes in storage volume represent 
masses associated with hydrologic imbalances between inflow and outflow periods.  
Differences between combined inputs and outputs represents retention or release.    
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Figure 10 - Tidal inputs, Non-tidal input, total outputs and inferred changes in storage 
of PO4, TP, and DOC.  Inferred changes in storage volume represent masses 
associated with hydrologic imbalances between inflow and outflow periods.  
Differences between combined inputs and outputs represents retention or release.   
Asterisks(*) represent sampling dates where TP was unable to be measured and 
estimates were derived based on PO4. 
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Figure 11 – Comparison of input and output fluxes of PO4 and NH4 at ambient and 
enriched (via injection) nutrient concentrations.  Mass balances were determined on 
successive dates in each of three months.    
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Figure 12 – Water temperature (Cº), DO metabolism (GPP or R), tidal exchange, and 
ambient NO3 concentrations as predictors of variation in NO3 retention in the tidal 
segment of Kimages Creek.  Open boxes represent a high exchange event caused by 
Hurricane Kyle which were omitted from regression analysis.  Metabolism estimates 
were only available from January through August.    
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Figure 13 – Path analysis results using structural equation modeling to partition 
variation in nitrate retention among various causal factors.  Numbers represent 
normalized correlation coefficients; asterisks represents significance levels (derived 
using R statistical software).  Analyses are based on a subset of sampling dates for 
which all parameters were available.     
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Appendix Figure 1 – Aerial Photograph of Kimages Creek; Stars represents locations 
of water quality sondes, arrows represent sampling sites for tidal exchange and 
watershed inputs. 
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Appendix Figure 2 – A time series of depth (m) and DO (mg/L) for the tidal segment of 
Kimages Creek and the nearby James River (Rice Research Pier) are used to 
illustrate typical diel patterns observed at these sites. 
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Appendix Figure 3 - Changes in channel morphometry at dam breach during the 
study period September 2008 - November 2009. 
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Appendix Figure 4 - Regression of James River depth against tidal exchange volume 
for all sampling dates.   
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Appendix Figure 5 – (a) Daily River depths (m) and (b) Predicted Exchange Volumes 
(m3) for Sep 2008-Aug 2009 based on empirical relationship between river stage and 
exchange volume. (c) Daily predicted DIN fluxes/tidal cycle based upon multiple 
regression between water temperature and Exchange volume (R2= .82).  
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Appendix Figure 6 – Path of Hurricane Kyle from the National Hurricane Center.   
